Pine needle samples from two pine species (Pinus pinaster Ait. and Pinus pinea L.) were collected at 29 sites scattered throughout Portugal, in order to biomonitor the levels and trends of 16 polycyclic aromatic hydrocarbons (PAHs). The values obtained for the sum of all PAHs ranged from 76 to 1944 ng/g [dry weight (dw)]. Despite the apparent matrix similarities between both pine species, P. pinaster needles revealed higher mean entrapment levels than P. pinea (748 and 399 ng/g (dw) per site, respectively). The urban and industrial sites have the highest average of PAH incidence [for P. pinea, 465 and 433 ng/g (dw) per site, respectively, and for P. pinaster, 1147 and 915 ng/g (dw)], followed by the rural sites [233 ng/g and 711 ng/g (dw) per site, for P. pinea and P. pinaster, respectively]. The remote sites, both from P. pinaster needles, show the least contamination, with 77 ng/g (dw) per site. A predominance of 3-ring and 4-ring PAHs was observed in most samples, with phenanthrene having 30.1% of the total. Naphthalene prevailed in remote sites. Rainfall had no influence on the PAHs levels, but there was a relationship between higher wind speeds and lower concentrations. PAH molecular ratios revealed the influence of both petrogenic and pyrogenic sources.
Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous persistent pollutants released into the environment by both natural and anthropogenic sources (Yunker et al. 2002) . PAHs are common pollutants in air, water, sediments, and biota, contributing to serious environmental and health problems, including cancer (Jacob 1996; Lapviboonsuk and Loganathan 2007; Mumtaz and George 1995) . Furthermore, the release of these contaminants through human activities continues to increase (Lapviboonsuk and Loganathan 2007) . The study of PAHs in Portugal is rather recent and is focused on specific locations or processes. The majority of these works concern atmospheric matrixes ( Alves et al. 2001; Jaward et al. 2004; Librando et al. 2002; Oliveira et al. 2007; Rocha et al. 1999) , sediments (Barreira et al. 2007; Fernández et al. 1999 ), and mussels (Lima et al. 2007; Serafim et al. 2008) , but there are also references to water (Pacheco et al. 2005) , landfill leachate (Herbert et al. 2006) , and seaweed (Lage-Yusty et al. 2009 ), along with two previous studies of our group with pine needles, yet focusing mainly on analytical methodologies (Ratola et al. 2006 (Ratola et al. , 2009 .
Pine trees are suitable biomonitors for airborne PAHs and other persistent pollutants such as pesticides, polychlorinated biphenyls (PCBs), or polychlorinated naphthalenes (Loganathan et al. 2008) . The high wax content of the needles makes them an excellent matrix to preserve accumulated PAHs over time. Trustworthy time-integrated pollution data can be obtained, as well as spatial-related studies (Hwang and Wade 2008; Schwark 2009a, 2009b) .
Portugal is a small country in the southwest of Europe (around 90,000 km 2 ), with a little over 10 million inhabitants. The vast majority of the population is distributed along the west coast, with Lisbon (the capital, in the south) and Porto (in the north) as the largest urban and industrial centers. The population density decreases drastically toward the interior, where smaller scattered cities and the highest mountains (up to 2000 m) exist. Pine trees can be found all over the country, accounting for 33% of the forested area (DGF 1998) . The two most representative pine species in Portugal are Pinus pinaster Ait. and Pinus pinea L.
In this work, pine needles were sampled from 29 different sites scattered through the country and comprising urban, industrial, rural, and remote areas. Total and individual PAH incidence and differences between pine species and site types were studied, in addition to the assessment of potential emitting sources using distribution indexes related to concentration ratios of some PAHs within a given molecular mass (Orecchio et al. 2008) . Some considerations on the weather conditions in the sampling sites were also reported. Univariate and multivariate statistics-namely principal component analysis (PCA)-were used in the interpretation of the results. [ghi]perylene (BghiP)] and deuterated PAHs (naphthalene-d 8 , acenaphthene-d 10 , phenanthrene-d 10 , chrysene-d 12 and perylene-d 12 ) were purchased from Supelco (Bellefonte, PA, USA), as well as anthracene-d 10 (100 lg/mL). International Sorbent Technology (Mid Glamorgan, UK) supplied the SPE alumina cartridges (5 g, 25 mL). Hexane and dichloromethane SupraSolv were from Merck (Darmstadt, Germany) and nitrogen for drying (99.995% purity) was from Air Liquide (Maia, Portugal) . Prior to use, all glass material was silanized in a 15% dichlorodimethylsilane solution in toluene, both from Aldrich (Milwaukee, WI, USA).
Materials and Methods

Chemicals and Reagents
Pine Needles Sampling
Sampling was conducted in April 2007 and covered 29 sites scattered all over the Portuguese continental territory ( Fig. 1 ). Special care was taken in the selection of the sites, which underwent a rigorous and judicious process according to the logistical means available. It is believed that the chosen sites (and especially their strategic locations) reflected potential differences, as far as biomonitoring is concerned. Hence, the urban sites are represented by 14 of the 18 district capitals of the continental territory (including the largest conurbations, Lisboa and Porto) as are the major industrial complexes (Estarreja, Leça, Outão, Sines and Souselas). Furthermore, 10 rural sites (comprising a population range over 100 and below 10,000) also spread through the territory and 2 remote mountain sites (Fóia and Torre) with no population and few anthropogenic interferences were also included.
Second-year needles (with *2 years of exposure to contaminants, as new needles burst every year around June) were collected from the two most abundant pine species in Portugal: P. pinaster Ait. in 11 sites and P. pinea L. in 19 sites. The needles were removed whole, preferably from the bottom (on average, about 2 m above the ground) and outer branches of the trees. In two cases (Quintãs and Antuã), it was possible to collect samples from contiguous trees of both species. In the other sites, only one tree was sampled. They were wrapped in aluminum foil and placed in sealed plastic bags and immediately frozen and kept in the dark in a cooler. After transportation and storage in the lab, they were defrosted at ambient temperature prior to extraction. The water content measurements were performed with samples defrosted in the same conditions, by drying triplicate 5-g samples of needles at 80°C until constant weight. Table 1 lists some social and economic characteristics of each site (INE 2009) and Table 2 presents the sampling settings and related weather conditions (SNIRH 2009).
Analysis of PAHs
Needle samples (5 g, in duplicate) were extracted by sonication in a 720-W Selecta ultrasonic bath (J.P. Selecta, Barcelona, Spain) with a hexane/dichloromethane (1:1) mixture and purified with alumina solid-phase extraction (SPE) cartridges following a previously described procedure by Ratola et al. (2006) . Chromatographic scrutiny of PAHs was performed by a Varian CP-3800 gas chromatograph (Lake Forest, CA, USA) coupled to a Varian 4000 mass spectrometer operating in electron impact mode (70 eV) and a CP-8400 auto-sampler. After a 2-lL injection in splitless mode, compound separation was done in a 30-m 9 0.25mm-inner diameter DB-5 column coated with 5% diphenylpolydimethylsiloxane (film thickness = 0.25 lm) from J&W Scientific (Folsom, CA, USA) under an oven temperature program that started at 60°C, was held for 1 min, then increased to 175°C at 6°C/min, held for 4 min, up to 235°C at 3°C/min, and, finally, to 300°C at 8°C/min and kept for 5 min until a total run time of 60 min. The temperatures for the injector, transfer line, and ion source were 280°C, 250°C, and 200°C, respectively, and helium 99.9999%
(1.0 mL/min) was the carrier gas. Following acquisition in single ion storage (SIS) mode using five retention time windows (each with one deuterated PAH acting as the internal standard), PAHs were identified and quantified with the Mass Spectrometry Workstation 6.6 software from Varian, using retention time and up to three ions (Ratola et al. 2009 ). Anthracene-d 10 was spiked in each sample prior to injection, to ascertain possible chromatographic errors.
Method Validation
All 16 PAHs showed good chromatographic resolution with linear behaviour between 0.01 and 1 mg L -1 , except for DahA (0.01-0.75 mg/L). Limits of detection (LODs) were obtained by the signal-to-noise ratio of 3 regarding the direct injection of the least concentrated PAH standard and varied from 0.12 ng/g [dry weight (dw)] for chrysene to 0.91 ng/g (dw) for DahA. These values were similar to those reported previously in analogous studies (Martínez et al. 2004; Ratola et al. 2006 ). The relative standard deviations (RSD%) for two samples of both species were all below 15%, except for Naph for P. pinaster (16.5%) and Fluo for P. pinea (18.8%). Morphological and physiological differences in the needles might have caused the discrepancies found between the two pine species (Piccardo et al. 2005) , which nevertheless presented the same water content: 59%.
Statistics
Univariate (F-test for analysis of variance; independent two-sample t-test for unequal sample sizes and unequal variance, and dependent t-test for paired samples for a 95% confidence interval) and multivariate (PCA) statistic tests were applied to the results in order to clarify their interpretation and discussion.
Results and Discussion
Total and Individual PAH Incidence
The concentrations of PAHs in pine needles collected in Portugal are shown in Table 3 . The 16 PAHs in the study were detected in all sites, and the total concentrations varied from 76 ng/g (dw) in Fóia to 1944 ng/g (dw) in Bragança. Comparing these results with others published in the literature regarding PAH biomonitoring with pine needles, it can be seen that the values are within the ranges presented (Hwang and Wade 2008; Lehndorff and Schwark 2009b; Librando et al. 2002; Liu et al. 2006; Piccardo et al. 2005; Simonich and Hites 1995; Wenzel et al. 1997 ). Individually, Phen was the most concentrated compound in most of the sites, totalling 30.1% of the PAH contamination. Phen stability is considered high in this type of matrix (Wang et al. 2005 ) and its dominant presence in similar studies is widely reported. Furthermore, biomonitoring using pine needles is mainly a reflection of atmospheric contamination (Hwang and Wade 2008; Lehndorff and Schwark 2004) , and also in these cases, Phen is one of the major atmospheric PAHs. Naph predominated in the sites with lower total PAH concentrations and accounted for 12.8% in total. In the same contribution range are Fluo (15.3%), Pyr (13.0%) and Chyr (11.0%). On the contrary, Naph is the most volatile PAH in the study, which tends to enhance its mobility due to volatilization from the needles back to the atmosphere, allowing its appearance in more remote locations. Naph is also prone to analytical losses, in particular when evaporation steps are used (Cheng 2003; Piñeiro-Iglesias et al. 2002) . The mean relative standard deviation of all the results was 19.5% ± 9.2%
Differences Between Pine Species
An important finding arises from the comparison between the two pine species. Considering the sites where it was possible to collect needles from two contiguous trees of P. pinaster and P. pinea (Antuã and Quintãs), it is clear that they presented dissimilar PAH entrapment abilities, as seen in Fig. 2 . The greatest difference is in Phen, with almost five times more concentration in P. pinaster needles from both sites. Then, in Antuã, Fluo and Pyr have triple the concentration in P. pinaster needles, whereas in Quintãs, Naph has triple the concentration, followed by double the Fluo and Pyr values. Interestingly, the main differences between pine species were verified in the PAHs that present higher incidence percentages, considering all sites. This is an indication that P. pinaster needles have a stronger adsorption ability toward these PAHs in particular. Statistics confirm these results; dependent t-tests for paired samples (95% confidence interval) show clear differences between the total PAH concentrations of P. pinaster and P. pinea needles for both Antuã (t = 15.1, with t critical = 2.13) and Quintãs (t = 17.7, with t critical = 2.13).
Considering all of the sites chosen in this work, other evidence of this fact is supported by Fig. 3 , which shows the total PAH concentration of each pine species per site and the corresponding aromatic ring patterns. In terms of the percentages by number of rings, the trend is very similar for the two species, with only minor divergences in the 4-ring and 5-ring PAHs. F-Tests for analysis of variance and independent two-sample t-tests for unequal sample sizes and unequal variance (for a 95% confidence interval) confirmed no statistically significant differences. However, it is obvious that the contamination per site is almost double for P. pinaster needles [748 vs. 399 ng/g (dw) for P. pinea] and a significant statistical difference between both species was established in this case. Despite the difference in number of sites, both species are well represented by all site types, except for the remote sites, in which only P. pinaster trees were collected.
Although not always under the same sampling conditions, other authors have reported similar differences. Librando et al. (2002) found global values for P. halepensis higher than for P. pinea needles, whereas Piccardo et al. (2005) reported a greater affinity of P. pinaster needles toward PAHs compared to P. nigra. Hence, all further discussion of the results of this study takes these differences into account and both pine species are considered separately.
Pinus pinea Sites
Considering only the P. pinea sites, the contamination trend meets the expectations, as both sites with the highest levels are the two largest urban conurbations in Portugalnamely Porto and the capital Lisboa, with almost identical total PAH concentrations [751 and 747 ng/g (dw), respectively]. Outão (an important industrial spot to the south of Lisboa), Braga (the second most populated district capital in the north of the country after Porto), Souselas (another important industrial center), and Quintãs 2 follow in descending order of concentration. Quintãs is a small village on the outskirts of Aveiro (an important city in the north coast of the country) and can be considered a rural setting. In this case, the construction and subsequent opening of a major road in the vicinity of the sampling point might have been the cause for the highest PAH concentration among rural sites. The remaining P. pinea sites are in smaller urban and rural settings, mainly in the south of the country, where the population density is lower and the local anthropogenic sources of PAHs are expected to have a lesser impact. The case of Sines is noteworthy.
Despite being an industrial zone, it is situated in a rather isolated area and, apparently, the local sources do not play a very important role, given the low PAH incidence [167 ng/g (dw)].
Pinus pinaster Sites
The needles collected in the seven sites with the highest overall PAH levels are from P. pinaster trees. Bragança is the largest urban area in the northeast of Portugal but is nonetheless a small city in an area of scarce industrial activity. This value might be a consequence of the particular location of the sampled pine, in the city center with major traffic incidence and next to a busy gas station. There is also the possibility that this particular pine tree might have, itself, for a number of conditioning and structural factors, a much higher capacity of PAH entrapment than other P. pinaster trees. Quintãs 1 presents the second highest PAH concentration. As seen in P. pinea needles (Quintãs 2), this is the rural site with higher PAH incidence. Following Bragança and Quintãs, Vila Real has similar characteristics to the first and Estarreja and Leça are heavy industry spots in which a high prevalence of PAHs is expected. Caminha is a seaside village on the extreme northwest of the country, which might have some PAH occurrence from the maritime traffic across the river border to Spain and from wood combustion in the small forest from which the needles were collected. Antuã, on the side of a major highway, as mentioned earlier, receives emissions from the heavy traffic. The other P. pinaster sites Fig. 3 Mean percent PAHs aromatic rings distribution (columns) and mean total PAHs concentration (points) for P. pinaster (n = 12) and P. pinea (n = 19) sites are Guarda, the most elevated district capital, in the interior, Mirandela, a rural site near a landfill facility, and Rio de Onor, a very small village in a deep rural environment on the northeast extreme of Portugal. The two sites with the least PAH concentrations are also P. pinaster but are considered remote in this study (Torre and Fóia). Being both isolated mountain sites, very low contamination levels were expected.
Study by Site Type
In an attempt to portray the patterns of the PAH incidence, Fig. 4 shows the distribution according to the number of aromatic rings and the mean PAH levels per site in each of the four site types chosen in this study and for both pines species separately.
As expected, the urban and industrial sites have the predominant mean PAH incidence [for P. pinea, 465 and 433 ng/g (dw) per site, respectively, and for P. pinaster, 1147 and 915 ng/g (dw)], followed by the rural sites [233 and 711 ng/g (dw) per site for P. pinea and P. pinaster, respectively]. The remote sites, only two and both from P. pinaster needles, present clearly the lowest contamination, with 77 ng/g (dw) per site. These results also reinforce the idea of the higher PAH entrapment ability of P. pinaster needles over P. pinea needles. Considering each species separately, P. pinaster presented significantly statistical differences only between the remote sites and each of the other site types, whereas for P. pinea, no differences occurred, except between the urban and the rural sites, and only for the t-test for comparison of means. Similar levels were presented previously in the literature, such as by Tremolada et al. (1996) , who found an average of 323 ng/g (dw) for rural sites, or Lang et al. (2000) , who reported average concentrations of 92 ng/g (dw) for mountain (remote) sites and 703 ng/g (dw) for urban sites. Even when the PAH incidence is globally higher or lower, the trends for the site types coincide. For instance, Piccardo et al. (2005) reported lower overall concentrations but a common tendency (urban [ rural [ remote) , whereas Tian et al. (2008) found higher contamination, but with the urban and industrial sites with similar levels and above those for rural sites. For seventeen 3-ring PAHs, Lehndorff and Schwark (2009b) obtained an industrial [ urban [ rural trend, with similar levels for each site type.
The PAH distribution according to the number of aromatic rings is, however, not so different among urban, industrial, and rural sites. Statistical tests confirm this observation, for both P. pinea and P. pinaster sites and for all of the PAHs grouped by number of rings. Only the differences between the mean ring percentages of remote sites and each of the other types are statistically significant, according to F-tests and t-tests. Tables 4 and 5 summarize the results of the statistics tests applied to the comparison of site types and number of aromatic rings. There is a predominance of either 3-or 4-ring PAHs (between 30% and 45%, depending on the case), with the largest difference shown in industrial sites with P. pinaster trees, where 4-ring PAHs dominate by over 10%. These values are expected because the main PAH uptake process onto the waxy layer of the needles is gaseous absorption from the atmosphere, where more than 95% of the 3-and 4-ring PAHs occur in the vapor phase (Hwang and Wade 2008) . The heaviest PAHs are generally removed from the air by direct (e.g., wet) deposition processes (Blasco et al. 2006 ). These PAHs are closely linked with motorized traffic, in general, and diesel fuel consumption, in particular (Blasco et al. 2006; Hwang et al. 2003; Marr et al. 1999) . This is the case of Phen, Fluo, and Pyr, some of the dominant PAHs in this study. Considering its population, the traffic density in Portugal is not negligible, even in the smaller cities and rural areas. As a result of the higher tax burden applied to gasoline, diesel motors are very common, even in the lighter vehicles. As can be seen in Table 1 , 65-85% of the automobile fuel consumption in the areas of the sampling sites corresponds to diesel engines. This is probably the major source of PAH incidence in the country. Hwang et al. (2003) also reported the predominance of 4-ring PAHs in Mexico City, where there is also a high number of heavy-duty vehicles lacking emission control catalysts, whereas in Korea and in Texas (USA), 3-ring PAHs presented a higher incidence. Migaszewski et al. (2002) found a 3 [ 4 [ 5 [ 6 ring sequence in needles from rural areas. Low-molecular-weight PAHs (two and three rings) are common in fresh fuels (Masclet et al. 1987) , combustion activities (Singh et al. 2008) , and some industrial emissions (Yang et al. 1998) . In this case, Naph is the only 2-ring PAH studied; hence, the percentages between 10% and 25% found for urban, industrial, and rural sites have some relevance on a per-compound basis. Although the possibility of light vehicular traffic (Guidotti et al. 2003 ) and gasoline engines, in particular (Khalili et al. 1995) , as sources of Naph was reported, Preuss et al. (2003) referred to it as a constituent of diesel fuels and a product of forest fires. One explanation for the strong prevalence of this contaminant in the remote sites (above 50%) might arise from the fact that diesel-powered engines are predominant in rural and remote areas (trucks and tractors). In the latter, these are probably the only PAH sources, along with forest fires. Naph has a strong presence in these cases and its percentage might be higher in remote locations than in more urbanized areas. Another possibility could derive from the evidence that Naph is the most volatile of all PAHs studied, which could enhance traveling from distant sources. However, Preuss et al. (2003) indicated that these movements can be counteracted by its proneness to photochemically induced degradation. The pattern for remote sites is then clearly different, because in this case the 3-and 4-ring PAHs have around 20% incidence each. The high-molecular-weight PAHs (five and six rings) are associated with traffic and industrial activities (Orecchio et al. 2008 ) as well as with combustion processes (Singh et al. 2008) . This is reflected in the highest incidence of these PAHs in industrial sites from P. pinaster needles (over 10%). Surprisingly, the percentage of these groups in remote locations has a very similar level, surpassing the urban and rural areas. Lee et al. (2005) suggested that DahA is also an indicator of remote traffic emissions, which can be one of the causes for this behavior. The 6-ring PAHs have the smallest contribution to the overall incidence (below 2%).
Considerations on the Weather Conditions
It is known that weather conditions play an important role in the PAH distribution in the environmental matrixes. Because the sampling campaign was carried out in a period with some rainfall, it was important to find out if there was some effect on the PAH levels. Information about the total rainfall in the sampling date and in the month previous to sample collection is presented in Table 2 , as well as information on average wind speed and direction. Table 4 Univariate statistics for the comparison of site types and number of aromatic rings for P. pinaster The dry and wet depositions are two main routes of PAHs incidence in pine needles and are also dependent on weather parameters. According to Simonich and Hites (1995) , both gaseous and particulate pollutants reaching the needles by these processes are rapidly sorbed onto the superficial waxy layer, diffusing then in a much slower fashion into the inner compartments. Niu et al. (2003) reported the possibility of the most volatile PAHs being more prone to accumulation inside the waxy layer of the needle, whereas the heaviest PAHs (commonly associated with particles) remain in the surface, more easily exposed to external conditions, such as wind abrasion (Horstmann and McLachlan 1998) and wash-off by rainfall (Srogi 2007) . Nevertheless, Lehndorff and Schwark (2004) stated that the majority of the particle-bound PAHs will remain in the needles. On the other hand, rainfall episodes contribute to the deposition of both gaseous and particle-bound PAHs, although with a higher incidence in the latter case (Baek et al. 1991) . Smith and Jones (2000) found that most particles are washed out from the atmosphere at the beginning of the event, which means that rainfall can have a washingoff effect that overcomes or at least competes with the deposition processes, depending on the amount of precipitation. Using Norway spruce needles, Brorström-Lundén and Löfgren (1998) found no relationship between rainfall and the PAH concentrations in needles. Studies done in deciduous tree leaves (such as oak or hazel) revealed different conclusions. Howsam et al. (2001) reported that rainfall was negatively correlated with the levels of the heaviest PAHs, whereas Alfani et al. (2005) showed no influence of rain in the total PAH concentrations in the leaves. Furthermore, De Nicola et al. (2008) found no difference in the PAH levels of washed and unwashed leaves. Dry deposition is more dependent on other parameters, such as wind and the physical adherence onto the surface of the needles (Smith and Jones 2000) and is greatly dependent on the particle size. Ravindra et al. (2008) stated that dry deposition rules in the case of particle-bound heavier PAHs, whereas the lighter ones appear in the rain mainly as a solute.
In the current work, at the time of the collection, it was raining only in four sites, and with low intensity (Table 2 ). Nevertheless, it was possible to collect only dry needles in all sites, once second year needles are more ''protected'' from light rainfall episodes.
Of these four sites, Rio de Onor is a rural site with a little over 100 inhabitants, so low PAH incidence would be expected, É vora has medium contamination regarding the P. pinea range, and Outão is one of the most highly contaminated among the samples of the same species. Sines seems to be the only one to present a low value in view of its location near an industrial complex. However, as seen in Table 2 , there were other rainfall episodes near some of the other sampling locations during the sample day. It is impossible to ascertain if that amount of rain took place before or after the sampling or in both cases. Still, looking at the values of precipitation (both in the sampling day and in the previous month), there is no clear relation with the total PAH concentration in the chosen sites.
Interestingly, in terms of the daily mean wind velocity for the month previous to the sampling day (Table 2) , the sites with strongest winds have a more visible relationship with those with less PAH contamination, especially for P. pinaster. PCA reinforces these conclusions (Fig. 5) . A matrix with 19 row samples for P. pinea and 12 row samples for P. pinaster (the respective sampling sites) and 4 column variables (total PAHs concentration, amount of rain on the sampling day, rain accumulation in the month prior to sampling day, and average wind speed in the month prior to sampling day) was built in this case. Plotting PC1 and PC2, which explain 87.7% of the variability for P. pinaster sites and 71.6% for P. pinea sites, it can be seen that both species present similar results. The loadings plots (on the right of Fig. 5) show that the rain parameters are poorly related with the PAH concentration, but they also reveal that the wind speed is indeed in opposite quadrants of the plot, relating, in general, the lower PAH levels to the windiest sites. Of course, these sites are also those with less population and nearby PAH sources, a fact that might dilute this apparent trend. The wind effect is very difficult to measure, especially because the direction might play a crucial role. Mean values for this parameter are also presented in Table 2 and apparently there is no relationship with the PAH incidence in these sites, with one exception. Sines has perhaps one of the most unexpected PAH values, according to the site-type ranking. However, in this case, the tree sampled was in the middle of an open field with no traffic or houses nearby and to the west of the industrial complex (upwind). As seen in Table 2 , the prevailing winds are in a north-south direction, which might prevent exposure to higher levels in that particular tree.
In view of these elements and of the PAH levels obtained in this work, it is very difficult to establish a general effect of rainfall and wind or a distinction between the influence of dry and wet deposition. Because no historical temperature records were available for most sampling locations, it was impossible to determine the effect of this equally important parameter.
PAH Source Assessment
The sources of PAHs produce fingerprints in the form of molecular patterns. Pyrolytic (or pyrogenic) PAHs present a wide range of molecular weights, whereas petroleum (or petrogenic) PAHs have a predominance of the lowestmolecular-weight kind (Baumard et al. 1998) . In order to assess some of these sources or groups of sources, individual PAH ratios have been studied by several authors in different matrixes, including pine needles (Hwang et al. 2003; Lehndorff and Schwark 2004; Yunker et al. 2002) . These evaluations are performed under the assumption that structurally isomeric PAHs undergo similar environmental behavior and/or transformations in their route from the emitting sources to the final contaminated location (Zhang et al. 2005) . This is a rather risky assumption given the complexity of the processes involved and so, to allow a more accurate identification of the sources, combined ratios are often used (Hwang et al. 2003) . One of the most often used combinations is to plot the Phen/Ant ratio (PAHs of molecular mass 178) against the Flt/Pyr ratio (molecular mass = 202), which can make a distinction between pyrogenic and petrogenic sources (Orecchio et al. 2008) . Phen/Ant ratios below 10 and Flt/Pyr ratios above 1 suggest pyrogenic sources, whereas petrogenic appear in the opposite ranges (Baumard et al. 1998 ).
In Fig. 6 , the ratios represent the mean of each site type and the corresponding x and y standard deviation bars, in order to clarify the ''clouds of influence'' of each type. In P. pinea needles, all sites are in the petrogenic area, although the urban sites are slightly closer to the pyrogenic boundary in the case of the Phen/Ant ratio, whereas for Flt/ Pyr, all of them are exactly on that boundary. The first evidence for P. pinaster needles is that there is a clear separation between the remote sites and the others, which have very similar areas among themselves (with the rural sites more toward the pyrogenic side in the Flt/Pyr ratio). Nevertheless, no statistically significant differences were found between site types for the values of Phen/Ant and Flt/Pyr in both pine species. All site types are situated in plot zones in which both types of sources intertwine, corresponding to mixed origins. This observation is reinforced by the fact that the mean ratios associated with each of the four site types point toward a contradiction of sources. Still, because Phen is much stabler in pine needles and less prone to photodegradation than Ant, high Phen/ Ant ratios might indicate either the mentioned Ant decay in the needles or the existence of more traveled sources (Hwang et al. 2003) . This can emphasize the previously mentioned possibility that the sources of the scarce contamination observed in the remote sites are local and of pyrogenic origin, such as forest fires or limited traffic. The antagonistic indication of the Flt/Pyr in this case suggests petrogenic sources instead, which is in line with the high percentage of Naph present in these locations; this compound is often a significant fraction of crude oils and petroleum products (Yang 2000) . The results reported by Lehndorff and Schwark (2004) fall predominantly in the same quadrant of the cross-plot, also pointing toward mixed sources. However, the behavior of PAHs depends on the type of receiving matrix. For instance, they are much stabler in sediments than in air or vegetation samples (Hwang et al. 2003) . In fact, some authors admit that the use of these ratios should in some cases be independent of the matrix (Hwang et al. 2003) , whereas others stress the inaccuracy of such an assumption (Zhang et al. 2005) . All of them, however, agree that extreme care must be taken in the interpretation of the results obtained. This can suggest that potentially opposite findings can at the same time be complementary, especially when dealing with a high number of possible different sources. The influence of traveling PAHs in the contamination of a given pine tree might be difficult to assess. Although the sites were classified according to the predominant land use in the sampling areas, distant sources might also affect those results.
Conclusions
The sampling plan was executed in order to assess the incidence and trends of contamination of 16 PAHs in pine needles. Hence, 29 sites were selected in urban, industrial, rural, and remote areas of Portugal, and pine trees from two different species (P. pinaster Ait. and P. pinea L.) were chosen. Overall, the values obtained ranged from 76 ng/g (dw) in Fóia to 1944 ng/g (dw) in Bragança. P. pinaster needles revealed a stronger entrapment affinity toward PAHs than P. pinea [748 and 399 ng/g (dw) per site, respectively]. Thus, both species were analyzed separately. On a per-site basis, the industrial and urban sites (mostly near the coastline) presented the highest mean contamination [for P. pinea, 465 and 433 ng/g (dw) per site, respectively, and for P. pinaster, 1147 and 915 ng/g (dw)], followed by the rural sites [233 and 711 ng/g (dw) per site for P. pinea and P. pinaster, respectively]. The remote areas, both from P. pinaster, showed the lowest levels [77 ng/g (dw) per site]. Phen was the most concentrated PAH, with 30.1% of the total contamination, and a predominance of 3-ring and 4-ring PAHs was found in the majority of samples. However, in remote sites, Naph (the only 2-ring PAH in study) had a stronger incidence. There is no influence of rainfall on the PAHs levels, but higher wind speeds tend to be related to lower concentrations. Wind direction might have a particular influence in the case of Sines. PAH molecular ratios pointed toward the influence of both petrogenic and pyrogenic sources but with a recognizable cross-plot separation between remote and the other site types on the P. pinaster samples.
